Metagenome-based diversity analyses suggest a strong locality signal for bacterial communities associated with oyster aquaculture farms in Ofunato Bay.
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Introduction
Ofunato Bay is an enclosed, deep water bay located in the northeast of Japan, Iwate Prefecture, at the Sanriku Rias Coast. With an average depth of 10.3 m at the inner part and 38.5 m at the entrance, the bay is famous for its intricate coastline (Okaichi, 2004; Yamada et al., 2017) . Chlorophyll a (chl-a) concentrations ha ve been reported to be high in the bay during spring (JAXA, 2004; Reza et al., 2018b) . With its enclosed nature and a breakwater that narrows down at the entrance to a width of 200 m (Yamada et al., 2017) , the bay has a relatively calm environment and is considered suitable for buoy-and-rope-type aquaculture facilities (Komatsu et al., 2012) . Most aquaculture activities are concentrated in the central part of the bay, where the giant Pacific oyster (Crassostrea gigas) is reared for two years.
They filter suspended materials as food at an estimated rate of 1.24 tons C/day and excrete organic matter into the seawater at a rate of 1.05 tons C/day (Terasawa et al., 1995) ,
indicating their substantial roles in the biogeochemical cycle of Ofunato Bay. Although the annual bivalve production of the bay has been halved since the 1970s to below 400 mt, primarily due to the construction of the breakwater and the massive tsunami generated by the 2011 Tohoku Earthquake off the Pacific coast (Miyazawa and Hayakawa, 1994; Yamada et al., 2017) , the roles of the bivalves in influencing the planktonic and microbial communities are still considered to be vital to the ecology of the bay. Considering the importance of bivalve aquaculture and other economic activities in the bay, several studies have been conducted on its planktonic populations, mainly focusing on the surroundings of the oyster rafts and nearby areas (Ogata et al. 1982; Yamada et al., 2017) . However, detailed analyses on the microbial communities in Ofunato Bay and their functional roles have remained unclear. Accordingly, we performed metagenomic analysis on the taxonomic profiles of the free-living microbial community in the entire length of Ofunato Bay, revealing 29 bacterial phyla (~80% of assigned reads), 3 archaeal phyla (~4%) and 59 eukaryotic phyla (~15%) (Reza et al., 2018a) in the bay. Furthermore, we investigated the year-round variation in free-
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4 living bacterioplankton and showed phylogenetic differences among the bacterioplankton in the spring, summer, autumn and winter, suggesting that members of Proteobacteria tended to decrease at high water temperatures and increase at low temperatures (Reza et al., 2018b) .
In this study, we analyzed the metagenomics datasets, mainly focusing on the bacterial communities near the oyster culture facilities in the center of Ofunato Bay and compared them with those of two other localities far from the station, one in the northeast (innermost bay) and the other in the southwest (bay entrance). The obtained results suggest that aquaculture activities markedly affect bacterial functions in the community.
A C C E P T E D M A N U S C R I P T are located in the northeast (innermost bay) and southwest (bay entrance) parts of the bay, respectively, while KSt. 2 is at the center of the bay and around the highly dense oyster aquaculture facilities (Reza et al., 2018a) .
Sample collection
Sample collection and processing were performed according to Reza et al. (2017a) 
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A C C E P T E D M A N U S C R I P T 6 sequences), using the software FLASH (Magoc and Salzberg, 2011) with default parameters (overlap minimum, 10 nt; maximum allowed ratio between the number of mismatched base pairs and the overlap length, 0.25).
These WGS reads were subjected to quality filtering by removing <50 bp and quality trimmed to Phred 20 using the Genomics Workbench (CLCbio, Cambridge, MA, USA).
BLASTn was performed locally in a server using the quality-and size-filtered sequences against the NCBI-nt reference database. Taxonomic analysis at the phylum and genus levels was then performed using MEGAN ver 5.10.3 (Huson et al., 2007) , after parsing the BLAST output. Comparative analysis in MEGAN was also performed after normalizing the counts according to the recommendations of the authors. The least common ancestor (LCA) assignment algorithm used the following parameters: min support = 1; min score = 50; top percent = 10 and maximum expected 1.0E -10.
Functional analyses of the WGS datasets targeting the mining of the rRNA gene sequences were conducted in the Meta Genome Rapid Annotation Subsystem Technology (MG-RAST) server (http://metagenomics.anl.gov/). Data were uploaded to MG-RAST, processed after joining and overlapping the paired-ends reads, and filtered using QC pipelines (Meyer et al., 2008) to remove replicated reads. Only alignments longer than 100 bp were considered to have a minimum percent identity >95%. Hierarchical functional predictions were performed using Kyoto Encyclopedia of Genes and Genomes (KEGG) Ontology (KO) (http://www.genome.jp/kegg/) (Kanehisa et al., 2004) .
Discrimination analyses were finally performed by the Receiver Operating Characteristic-Area Under the Curve (ROC-AUC) value of the cross validation using the stratified k-fold method (Kohavi, 1995) , targeting the two depths (1 m and 8 or 10 m), three stations ( 
Statistical analyses were also performed by employing the non-parametric Mann-Whitney
Results and discussion
Seasonal changes revealed by the taxonomical analyses
Seasonal changes in the abundances of heterotrophic bacteria and cyanobacteria, as well as in the free-living bacterial community in Ofunato Bay, have already been reported in our previous report (Reza et al., 2018b) . This study focused on KSt. 2, where oyster aquaculture activities are concentrated, using the same datasets from January to December 2015. In Ofunato Bay, winter is usually delayed due to the late arrival of the cold Oyashio Current from the north, and in our study, we found the seawater temperature in March 2015 to be lowest, ranging from 4.6 to 6.4˚C at the three sampling stations (Reza et al., 2018b; Rashid et al., 2018) . Thus, May, August, November and March are spring, summer, autumn and winter, respectively, in the bay.
Seasonal changes in the relative abundances of the major bacterial phyla at the 1 m and 10 m depths at KSt. 2, based on the metagenomic shotgun sequencing datasets, are shown in Fig.   1 , whereas those assigned to specific genera are shown in Supplementary Fig. S1 .
Diverse communities of free-living bacteria were apparent at KSt. 2 in Fig. 1 at the phylum level, exhibiting inter-seasonal differences from January to December 2015 as reported previously, where the bacterial communities were reported at the genus level (Reza., 2018b) .
The most frequently available bacterial sequences belonged to Proteobacteria (Alpha, Beta and Gamma), followed by Bacteroidetes, collectively accounting for ~85% of all the WGS bacterial reads (Fig. 1) . Other phyla included Firmicutes, Actinobacteria, Cyanobacteria and Tenericutes, consisting of ~1% by read counts.
Alphaproteobacteria was the most dominant bacterial phylum at the 1 m and 10 m depth through the year and remained high between May and August at the 1 m depth and between
May and Jun at the 10 m depth (Fig. 1) . At the genus level, Planktomarina and Candidatus
Pelagibacter, belonging to Alphaproteobacteria, were found to be the most dominant ( Supplementary Fig. S1 ). Similarly, Gammaproteobacteria was abundant at both water depths
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9 throughout the year and included Shewanella and Alteromonas. Betaproteobacteria, which are mostly freshwater bacteria (Zwart et al., 2002; Gucht et al., 2005) , were marginal at KSt. 
Functional analyses in the bacterial communities by KEGG
Then, we analyzed changes in the core functional traits using KO for KSt. 2 (Fig. 2) . It was revealed that >30% of the WGS reads encoded proteins involved in "metabolism," followed by >10% for "environmental information processing," which were among the first-tier KO categories at both the surface and deep waters. Significant differences were observed among the first-tier functional categories between the 1 m and 10 m depth datasets for "metabolism"
and "environmental information processing" (data not shown). When the abundances of the second-and third-tier KO functional gene annotations were considered, "translation", "amino acid metabolism", and "metabolism of cofactors and vitamins" were significantly higher (p<0.05) in the surface than the deep waters (Table 1) . In contrast, the functional abundance of "energy metabolism" was significantly higher (p<0.05) in the deep waters than the surface waters. It was noted that the KO category of organismal systems was apparent only in February and between April and September at the 1 m depth, while it appeared between
March and June at the 10 m depth (Fig. 2) .
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Discrimination analyses by ROC-AUC
To identify possible locality-specific differences among the stations KSt. 1, KSt. 2 and KSt. 3 along the length of Ofunato Bay, we employed discrimination analyses using both taxonomic and functional datasets obtained from the three sampling stations. Discrimination analyses were performed by ROC-AUC value of the cross validation using the stratified k-fold method (Kohavi, 1995) , targeting the two depth (1 m and 8 or 10 m), three stations (KSt. First, we performed the matrix discrimination analysis for seasonality at the phylum and genus levels and at the KO level. In this analysis, the 12 months were divided into two provisional seasons with any combinations of two adjacent months. At the taxonomic levels, the highest ROC-AUC value (0.933) was obtained when comparing July -August and other months. Significant values were also obtained in the comparisons including January, February, May, July, October and December. Non-parametric Mann-Whitney U-tests for the discrimination that provided the highest value between June -August and other months revealed that Verrucomicrobia was the most important factor for the matrix discrimination, followed by Acidobacteria, Spirochaetes, Firmicutes and Deinococcus-Thermus at the phylum level ( Supplementary Table S1 ). Verrucomicrobia have been found in Arctic marine bacterial communities (Galand et al., 2009; Cardman et al., 2014) and are also well known to inhabit marine, freshwater and soil environments (Zwart et al., 1998; Liles et al., 2003; Freitas et al., 2012) . In the case of the genus level, bacteria belonging to unclassified Verrucomicrobia were again the most discriminating factor, followed by those belonging to unclassified Proteobacteria, Coraliomargarita, which also belong to Verrucomicrobia (Yoon et al., 2007) , and Akkermansia ( Supplementary Table S2 ).
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In the KEGG matrix, the highest significance was obtained for March-June against the other months (0.977). Significant values were also obtained for other combinations in the two provisional seasons, including those implicated from March to July. Non-parametric Mann-Whitney U-tests demonstrated that glycerophospholipid metabolism was the most discriminating factor and had the highest value from March-June compared with other months, followed by photosynthesis, valine, leucine and isoleucine degradation, RNA transport, and photosynthesis -antenna proteins ( Supplementary Table S3 ). It is noted that these factors belong to either amino acid metabolism, energy metabolism, or translation in the KO first tier (level 1) by the KEGG analyses, which all showed significant differences between the two different depths of 1 m and 8 m at KSt. 2 (Table 1) .
ROC-AUC analyses were then performed for local combinations in the taxonomy and KEGG matrices. No significant locality combination was observed in the taxonomy matrix ( In this study, we analyzed metagenomic datasets, mainly focusing on the bacterial communities near the highly dense oyster culture facilities in the center of Ofunato Bay and compared them with those of two other localities far from the station, one in the northeast (the innermost bay) and the other in southwest (the bay entrance). ROC-AUC discrimination
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12 analysis demonstrated the significant differences between KSt. 2 and KSt. 1 plus KSt. 3 on the KEGG matrix, suggesting that aquaculture activities markedly affect bacterial functions.
Further analyses are needed to better understand the relationship between bacterial functions and the availability of nutrients and other environmental factors around aquaculture facilities. 3), and 12 months from January to December 2015 in Ofunato Bay.
Figure Legends
Table 2
Measured values for the discrimination for seasonality between the two groups (12 months to adjacent continuous 2 seasons) evaluated by ROC-AUC of the cross validation for the taxonomy (phylum and genus) and KEGG matrices with the datasets from the two depth (1 m and 8 or 10 m), three stations (KSt. 1, KSt. 2 and KSt. 3) and 12 months (from January to December 2015). 
Locality combination
